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Modeling of quantum effects in the hadronization
Sˇa´rka Todorova-Nova´
LAPP, Annecy, France∗
A recent observation of a threshold momentum difference in the production of adjacent hadrons is imple-
mented in the fragmentation model of a three-dimensional QCD string, with the aim to investigate the common
origin of the azimuthal ordering of hadrons and of the correlations commonly attributed to the Bose-Einstein
effect. The role of particle decays and their polarization in the measurement of two-particle correlations is eval-
uated. A comparison with the available data is presented and further measurements suggested. The impact of
the hadronization on the long range angular correlations is discussed.
PACS numbers: 13.66.Bc,13.85.Hd,13.87.Fh
I. INTRODUCTION
The model of the quantized fragmentation of the helical
QCD string [1] is built upon the observation that hadron
mass spectra corresponds to the string breaking in quantized
amount of transverse energy, under the causal constraint of a
cross-talk between breaking vertices. Within the model, the
masses of hadrons below 1 GeV can be calculated from just
two parameters describing the transverse shape of the QCD
string ( the angular energy density κR, where κ ∼ 1 GeV/fm
is the linear energy density of the string and R is the radius of
the helix, and the quantized helix phase difference ∆Φ ). With
the model parameters constrained by the meson mass spec-
trum, the model suggests there is a distinct correlation pattern
between adjacent hadrons, with a threshold momentum differ-
ence. Using the symmetries stemming from the assumption
of the local charge conservation in the string breaking, such a
behavior was observed by ATLAS Collaboration in the mini-
mum bias data at the LHC [2]. The same analysis managed
the isolate the source of Bose-Einstein (BE) correlations. The
data suggest these correlations are carried by chains of adja-
cent ground-state pions. The experimental input provides an
estimate of the production rate of such chains.
The aim of the current study is to explore the possibility
to translate the experimental input into a MC description of
these hadronization effects which are expected to be universal.
Such a MC implementation would help to settle the questions
stemming from various interpretations of the same data, and
to validate or to disprove the model, eventually.
II. DATA DRIVEN MODELING
The experimental technique which is particularly helpful in
the study of hadronization effects uses the difference between
pairs of particles with the opposite-sign charge and with the
like-sign charge to measure the properties of adjacent pairs.
The local-charge conservation forbids the creation of adjacent
(rank 1) hadrons pairs with the same charge, and the random
production of neutral hadrons makes the probability to pro-
duce a pair of hadrons with a specific charge combination
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about the same for rank difference 2 and more. It follows
that the observable
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FIG. 1. Upper plot: Comparison of the Q spectrum obtained by
the means of subtraction of like-sign pair distribution from that of
opposite-sign pairs, with the true Q spectrum for adjacent charged
hadrons, obtained from MC truth (the uncertainty marked by red
band reflects the uncertainty in the resolving the ordering within
a decay of a direct hadron). Bottom plot: Detailed view of the
rank dependence of the subtraction between opposite-sign and like-
sign pairs in MC; pairs of hadrons originating from different strings
(color-disconnected chains) are assigned rank=-1. Rank 0 designs
pairs of hadrons from the decay of a direct common resonance.
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where Q =
√−(pi− p j)2 stands for the 4-momentum dif-
ference, should be particularly sensitive to the properties of
pairs of adjacent hadrons. The number of adjacent hadron
pairs rises linearly with the number of charged particles in the
sample: the normalization of the ∆(Q) makes the integral of
the distribution invariant (
∫
∆(Q)dQ=0.5 in case of full ac-
ceptance measurement ).
The assumptions made about ∆(Q) are verified in MC sim-
ulation where no correlations are included in the hadroniza-
tion process beyond local charge and momentum conserva-
tion, and the pre-defined production rate of unstable hadrons
with tabulated masses and widths. Fig. 1 documents the sub-
traction of the combinatorial background for pairs with rank
above 1 and for pairs formed by hadrons originating from dif-
ferent (color-disconnected) sources. The non-direct hadrons
inherits the rank of their ancestors in the notation used here.
III. STRING FRAGMENTATIONWITH HELICAL STRING
It has been argued that in the production of pseudoscalar
mesons (pi,η ,η ′) and of chains of ground-state pions respon-
sables for the enhanced production of close pairs of like-sign
pions (pi+pi−pi+,pi−pi+pi−), the transverse mass and the lon-
gitudinal momentum decouple [1]. In the first approximation,
the helical structure of the string can be implemented as a
modulation on top of the default longitudinal string fragmen-
tation (two degrees of freedom describing the generation of
the intrinsic transverse momentum of hadrons are neverthe-
less suppressed as the transverse momentum of hadrons is ob-
tained from the transverse shape of the string). Such a study
can be performed by doing modifications in the Pythia gen-
erator [3]. In practice, all hadrons are assigned a quantized
transverse mass (the nearest multiple of κR∆Φ ' 0.192 GeV
which is bigger than the tabulated mass). The size of the in-
trinsic transverse momentum being thus defined, its direction
follows the rotation of the phase of the helical field. It is ar-
gued that it is the correlation introduced by the helical winding
which is responsable for various observable correlation phe-
nomena such as the azimuthal ordering of hadrons [4] and the
Bose-Einstein (BE) effect.
IV. INJECTION OF ORDERED PION CHAINS
The possibility that there is a well defined relation between
the density of the helix winding and the energy of the emitting
parton has not been explored yet ( such a relation would ef-
fectively replace the tuned parameters which are steering the
longitudinal fragmentation function). Since the data suggest
the BE correlations stems from part of string with approxi-
mately homogeneous helix field, or from a decay of heavier
object (such as η ′ meson), the ordered chains are injected into
the fragmentation chains as triplets of pions with identical lon-
gitudinal momentum, correlated in the transverse plane. The
observed production rate of ordered triplets is about 1% per
final charged track when using the experimental acceptance
region (pT >100 MeV, |η | <2.5 ) as a reference. The corre-
lations are encoded in the Dalitz parametrization of the three
body decay of the triplet chain (the parametrization follows
the one used in recent measurements of η and ω decay [5, 6]
). Figure 2 shows the properties of the injected triplet pion
chains: as in the measurement [2], the simulated chains de-
scribe the enhanced production of like-sign pairs at low Q.
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FIG. 2. Upper plot: The measured ∆(Q) [2] and the shape generated
by ordered charged pion triplet chains injected into simulation with
rate of ∼ 1% per charged hadron produced. Bottom plot: Dalitz plot
describing the 3-body decay pattern of injected triplets.
V. HADRON DECAYS
For a proper description of the correlation pattern predicted
by the model of helical QCD string, it is not sufficient to inject
the source of correlations into simulation. The model predicts
a threshold momentum difference for the production of adja-
cent hadrons at Q '0.26 GeV and effectively, looking at the
Fig. 2, there is no place left for additional adjacent hadrons
in the region Q<0.25 GeV. In the standard Pythia simulation,
this requirement is not fulfilled for pairs of hadron with rank
0 (particle decays) nor pairs of adjacent hadrons (rank 1, see
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FIG. 3. Top: The default 3-body decay pattern of η in Pythia.
Middle: The corrected 3-body decay pattern of η . Bottom: The
effect on the ∆(Q) distribution.
Fig. 1). To ensure the predicted depletion of the low-Q re-
gion for adjacent hadrons is a task far more complex than the
injection of ordered chains. Let’s start the discussion of the
problematics for the case of rank 0, i.e. the momentum differ-
ence between charged offspring of an unstable hadron.
In the default Pythia simulation, the η decay clearly vi-
olates the model prediction (Fig. 3). However, it is known
that the kinematics of the η → pi+pi−pi0 decay does not cor-
respond to the Pythia simulation [5]. After implementing the
decay kinematics which agrees with the measured Dalitz plot
occupation, the depletion of the low-Q region appears. A sim-
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FIG. 4. Upper plot: The default 3-body decay pattern of ω in Pythia.
Middle plot: The P-wave distribution of ω decay. Bottom: No mod-
ification is visible in the ∆(Q) distribution.
ilar check of the ω decay using the P-wave dependence ob-
served by [6] shows that the default Pythia simulation is cor-
rect (Fig. 4). It is not without interest to note that the resulting
Q distributions of pi+pi− pairs are very similar for η and ω , in
the overlapping part of the spetrum.
Fig. 5 shows the contribution from hadron decays (includ-
ing the ordered chain decay and the η correction) into the sim-
ulated ∆(Q) distribution. There is an excess in the simulation
in the region of the η /chain decay. It is possible that the ex-
cess appears as the result of double counting of pi+pi− pairs in
the chain and η decay contributions: for example, a decay of
4a η ′ meson may contribute to both distributions.
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FIG. 5. The contribution of pairs of hadrons with rank 0 to the shape
of ∆(Q) in Pythia8.230. A triplet chain is treated, technically, as an
unstable direct hadron.
VI. ADJACENT HADRONS, POLARIZED DECAYS
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FIG. 6. The contributions of direct and adjacent hadron pairs to the
shape of ∆(Q) in Pythia8.230. The default ρ0 production rate has
been reduced by 20%, the production rate of K0∗ has been increased
by 50%, and ρ+− and K+−∗ decay plane has been rotated to the
string transverse plane, in order to reproduce the overall shape of the
data.
After a close inspection of combinations of particles of dif-
ferent origin, it seems the only possibility how to enforce the
Q-threshold for adjacent hadrons, and to enhance the produc-
tion of adjacent pairs in the region in between ω and ρ peak
( both effects are correlated, since the integral of ∆(Q) is an
invariant), is to properly simulate the polarization of decays of
charged unstable hadrons. A preliminary study of polarization
effects in the decay of ρ+,− and K∗+.− is encouraging, the ro-
tation of their decay plane into the transverse region w.r.t. the
string axis improves the agreement with the data. It is also
obvious that a proper fool-proof algorithmic solution has yet
to be developed, and further experimental input is necessary
(see below). In the meantime, the Q-threshold is enforced by
an explicit veto on the remaining generated adjacent hadron
pairs below Q= 0.3 (shown in Fig. 6).
VII. BOSE-EINSTEIN CORRELATIONS, AZIMUTHAL
ORDERING - THE SAME SOURCE?
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FIG. 7. The injection of ordered pion chains translates into enhanced
production of like-sign hadron pairs. R(Q) is the ratio of the like-sign
and opposite-sign inclusive Q distribution. The data are rather well
reproduced, in particular after the enforcement of the Q-threshold for
adjacent pair production.
Figure 7 shows the traditional correlation function, defined
as the ratio of like-sign pair Q distribution and the unlike-sign
pair Q distribution ( the latter is considered “uncorrelated” in
the BE-motivated approach). The simulation based on the in-
jection of correlated adjacent pion triplets describes the data
well, in particular when the Q-threshold is enforced for all
the adjacent hadrons. The role of the adjacent hadrons is pri-
mordial in the model and in the simulation, and it is not com-
patible with the picture of BE interference in the incoherent
particle production the physicists usually work with. The as-
sumptions made about the nature of the correlations have a
large impact on the focus and interpretation of the experimen-
tal data : from the point of view of the hadronization studies,
the ratio does not allow to extract the quantized properties of
the hadron production (the gaussian shape of the excess of
correlated like-sign pairs is completely invisible in the ratio of
inclusive Q distributions). The ratio also retains a dependence
on the shape of the uncorrelated combinatorial background,
contrary to the subtraction, which removes the background
efficiently.
5Figure 8 shows the appearance of the azimuthal ordering
(positive correlations in the power spectrum measuring cor-
relations between the azimuthal opening angle and the pseu-
dorapidity difference is observed). The data are not as well
reproduced as the Bose-Einstein effect, but the hypothesis of
the common origin of both effects seems plausible. The mea-
surement of the azimuthal ordering therefore provides a useful
complementary input which should help to to adjust various
components of the simulation.
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FIG. 8. The injection of ordered pion chains translates into an az-
imuthal ordering signal. The simulation is not corrected for the pairs
of adjacent hadrons in the ”forbidden” region below Q-threshold.
The data are taken from [4].
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√
s= 7 TeV. Blue points indicate the effect
of the transverse momentum being derived from the transverse prop-
erties of the helical QCD string, red squares contain also the effect
of the logitudinally polarized decay of ρ and K∗ mesons.
VIII. INCLUSIVE TRANSVERSE MOMENTUM SPECTRA
The modifications brought by the helix string scenario have
a significant impact on the shape of the inclusive transverse
momentum distribution. Fig. 9 compares the default Pythia
simulation with the enhacement brought by the narrow helix
string scenario ( the measured κR ' 0.07 GeV) and with the
effect mitigated by the polarization effects in ρ and K∗ decay.
IX. LONG RANGE CORRELATIONS
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FIG. 10. Top: The emergence of a ridge-like structure in the frag-
mentation of a helical string with a lateral boost. The narrow helix
radius (0.07 fm) implies a small intrinsic momentum (∼140 MeV)
of hadrons and thus smaller smearing in the boosted direction. The
recoiling system is not shown. Bottom: The rank dependence of
the ridge structure shown above. Higher eta difference is effectively
dominated by pairs with larger rank distance (the distribution is trun-
cated) but the adjacent hadrons may have a large pseudorapidity dif-
ference as well.
The presence of narrow strings may have been one of fac-
tors facilitating the emergence of the so-called “ridge” effect
observed both in HI and pp collisions, where azimuthal corre-
lations spanning over a larger intervals of pseudorapidity ap-
pear in the data.
The ridge-like structure can be easily generated by a later-
ally boosted helical string with parameters described above :
6the pions produced in the string fragmentation have instrin-
sic transverse momentum of only∼ 140 MeV, w.r.t. the string
axis, and are therefore likely to be measured in the direction of
the boost. As an example, a simple string with the mass of 20
GeV has been generated, fragmented into set of pions within
the helix string scenario, and boosted laterally (with γ =1.2).
Fig. 10 shows the angular correlations of the produced pions,
with significant signal at large pseudorapidity difference. It is
interesting to look at the rank dependence of these correlations
(the bottom plot): the side peaks are dominated by larger rank
differences, but adjacent pairs can be nevertheless observed at
large pseudorapidity difference, extending up to 4.
X. FURTHER EXPERIMENTAL INPUT
The model of the helical QCD string is rather successful in
terms of the reduction of the number of independent param-
eters entering the simulation. For the validation and further
development, it can be compared with a large variety of mea-
surements (single particle spectra, particle correlations). The
data used so far do not contain all the information which is
necessary: the correlation measurements shown here do not
identify the charged particles, and therefore do not see a dif-
ference between pions and kaons, for example. The proper-
ties of an ordered chain of kaons cannot be predicted easily
within the model : kaons are expected to contain a string loop,
and the properties of the string knotting are not known. The
measurement of the ∆(Q) for pairs of identified hadrons (pi-
ons,kaons,..) is therefore of utmost interest. The model pre-
dicts the bulk of correlations should be carried by particles
with (intrinsic) transverse momentum of ∼140 MeV, which
is a value very close to, or even below, the acceptance of the
LHC experiments. A dedicated measurement of the very low
pT region would be very welcome indeed.
XI. CONCLUSIONS
The simulation strategy for the quantum properties of the
string fragmentation is outlined and the first simulation of
the so-called Bose-Einstein effect is performed, successfully
reproducing the data. The correlation of like-sign pairs of
hadrons is a consequence of non-trivial properties of the pro-
duction of adjacent hadrons, which are themselves correlated,
too. The building blocks of the simulation contributing to the
description of the Q spectra are identified and the uncertain-
ties discussed. The simulation marks an additional success by
obtaining a signal of the azimuthal ordering of hadrons, even
though the measurement is not reproduced in sufficient detail
yet. From the initial studies it seems the long range correla-
tions can be modelled by the fragmentation of boosted helical
strings. A presence of adjacent hadron pairs in the long range
correlation signal is not excluded.
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